One of the oldest published records of benthic fauna was made in 1893 by dredging along transects from soft bottoms, sand and shell debris to rocky bottoms in an archipelago at the Swedish Skagerrak coast. Three of the transects were revisited in 2010 and then fewer taxa were recorded and the shared species between sampling dates at the transects were only between 8% and 12%. The main causes for the drastic changes are suggested to be large-scale eutrophication changing the vegetation composition and variation of climatic factors.
Introduction
Substantial changes in marine ecosystems have been reported repeatedly over the last decades. The reason is a combination of many factors. For example, Jackson et al. [1] concluded that ecological extinction caused by overfishing precedes all other pervasive human disturbance to coastal ecosystems, and Pauli et al. [2] reported a global loss of top predatory fish by fishing-down-the-food-web, which affects the function of the ecosystem. These selected studies show that man's activities have far-reaching consequences on the functioning not only of the coastal marine ecosystem but also in the ocean. Eutrophication has increased globally over more than half a century, and in association with extensive nutrient input, dead zones have spread exponentially in coastal and enclosed seas [3] . Thus, there is substantial evidence that marine ecosystems are under pressure and that changes have been going on for a long time.
One of the greatest challenges to environmental science is to analyse and establish the consequences of how much culture and other activities of mankind have changed the biosphere. Ultimately, a sound balance between biodiversity and functions between various environmental properties is a prerequisite for the maintenance of a sustainable global ecosystem. So, how do scientists determine when an ecosystem is in disorder? How do we analyse and establish when ecosystems have changed from a pristine state to conditions that might lead to significant negative consequences? For such judgements scientists need hard-core scientific data from centuries back. In this paper the focus is on century-long drastic changes in a regional marine ecosystem.
To analyse site-specific local and regional long-term changes in marine ecosystems, the composition of benthic macrofaunal communities is particularly suitable as benthic animals tend to occupy the same habitat for several years, and the benthic communities show rather predicable structural changes in relation to various environmental disturbances according to the Pearson and Rosenberg [4] paradigm. Petersen [5] [6], a pioneer in benthic quantitative ecology, has already demonstrated about a century ago that benthic animals in the Skagerrak-Kattegat area re-occurred in habitat-specific associations. To analyse possible long-term changes in that area, several of Petersen's stations were re-visited about 70 years later, and significant changes in benthic community composition were found between the sampling dates [7] [8] .
The Swedish Skagerrak coast is one area that locally and regionally has been subject to eutrophication and hypoxia over the last decades, which has lead to structural changes in the ecosystem [9] . In the present study made in 2010 in one area of the Skagerrak archipelago, the composition of benthic fauna is compared with a study conducted already in 1893. That investigation was performed by another pioneer, Hjalmar Théel [10] , the director of one of the oldest marine field stations in the world, Kristineberg Zoological Station in Fiskebäckskil, Sweden, founded in 1877. Théel's data must be one of the oldest published records of the faunal composition in costal waters of defined depth transects. The sampling methods were qualitative dredging and included a mosaic of samples from soft mud, sand and shell debris to rocks with vegetation. Théel wrote in his publication that he wanted to publish his records of the fauna for later analyses regarding possible temporal changes in this archipelago.
Material and Methods
Théel [10] sampled about 20 different transects in the vicinity of the Gullmarsfjord and outside in the archipelago, and he used 17 different taxonomists for help with the identification of the animals. He described the sampling technique as follows: a rope of two to three hundred metres or more was attached to land on a rock. The boat was rowed out in a defined direction until the rope ended. Here the dredge was lowered and the depth recorded. The man in the front of the boat will now hale the boat and dredge to where the rope was attached. Thus, dredging began on deep soft mud and ended up on shallow rocks with attached algae. Théel did not mention the size of the dredge. I selected a small rectangular dredge with the frame measuring 46 × 19 cm and 10 × 10 mm mesh sizes. The larger old dredges stored at the research station seemed too heavy to be hauled by rowing.
The following locations were re-visited and the directions and depth records where the dredge was lowered to the seabed are from Théel ( Figure 1) .
Flatholmen, NE point towards Humlesäcken, maximum depth 45 m. Bonden, the rope was attached just south of the harbour and dredging was done in NE or NNE direction, maximum depth 25 m.
Spättan is a skerry with a sea marker (still present). Dredging was made in direction towards Bondhålet (a small bay on Blåbergsholmen), maximum depth 30 m.
The sampling date was in June 1893 for Flatholmen. Sampling dates for the other localities were not given. The recent sampling was made on 2 June 2010. There was no wind that day and the sea was flat allowing the R/W Oscar von Sydow (14 m long) to operate very close to the rocks, and the dredge was hauled all the way up to the surface along the rock side. Dredging speed was about 1 knot.
The sea level (tidal) difference in the Swedish Skagerrak coast is less than 25 cm, salinity in the studied areas is around 20 to 25 down to the halocline at about 15 m depth, and below that depth the salinity is approximately 33. Temperature at the surface can vary between about 2˚C in winter and 18˚C in summer, and at 30 m temperature varies between 4˚C and 14˚C [11] .
Taxonomic identity, nomenclature and association of different species to different habitats (hard bottom, sand and shell debris and soft bottom) were done after Hansson [12] . The scientific names have changed over time for several species. Thus, species identity was updated and corrected by using modern taxonomic literature and the Internet. 
Results
Number of benthic taxa found in different animal groups is shown in Table 1 . Total number of taxa found in 1893 and 2010 was 107 and 68, respectively. The three dominant taxonomic groups at both sampling dates were molluscs, echinoderms and polychaetes. In the outer archipelago at Bonden, the total number of taxa was lowest and similar at both sampling dates, 29 and 27, whereas the numbers were greater in 1893 at Spättan (47) and Flatholmen (50) compared to in 2010 (29 and 31).
Comparing the number of taxa shared at the two sampling dates at Bonden, Spättan and Flatholmen resulted in numbers of 4, 8 and 6 taxa, respectively. Similarly the percentage of shared taxa was 8, 12 and 8, respectively. If only echinoderms and molluscs were selected for analysis, as they often have a hard skeleton and a large size and therefore are comparatively easy to recognise in the samples, the following percentages of shared taxa were calculated: for echinoderms (n = 20), 5%, 15% and 5%, respectively and for molluscs (n = 55), 4%, 4% and 2%, respectively. If species were classified into the habitat they primarily are associated with, 48% were associated with hard bottoms, 31% with soft bottoms and 21% with shell debris or sand. Some species/taxa were not classified because lack of knowledge or they could be associated with more than one of these classifications.
The great changes between 1893 and 2010 occurred for species/taxa associated with hard bottoms, where 38 taxa were lost and 28 new records (7 were the same). In comparison 21 were lost and 9 new records (3 the same) associated with shell debris and sand, and 24 were lost and 12 were new records (11 the same) on soft bottoms.
Species occurring at both sampling dates and at several transects were the starfish Asteropecten irregularis, the bivalve Timocleia ovata, the anthozoans Alcyonioum digitatum and the cup-coral Caryophyllia smithii. Notably, the lancelet Brachiostoma (Amphioxus) lanceolatum was recorded at Bonden at both sampling dates.
Discussion
One of the great challenges in environmental scientific work is to detect significant changes in the ecosystem and to evaluate the causes and consequences of such changes. The countries within the European Union have set standards and criteria for their coastal waters to obtain a good or high status of the water quality (EU Water Framework Directive). For an accurate quality assessment it is important to define the structure of a rather pristine ecosystem, i.e. to establish a reference value equal to a station of rather undisturbed conditions and from which a disturbance can be scientifically established. The quality of the seabed is generally assessed by analysing the structural composition of the benthic fauna according to predicted changes along gradients of disturbance as presented in the Pearson-Rosenberg [4] paradigm. Even if this model suggests how an undisturbed benthic community may be structured, there are very few published data going back a century or more.
In the present investigation striking changes were found in animal composition between the years 1893 and 2010. The pattern of change between these dates was similar for the three sites with percentage taxonomic similarities of only between 8% and 12%. If the generally long-lived and larger animals in the taxonomic groups echinoderms and molluscs were selected for analysis, the similarities between sampling dates did not improve, except for one site. The dissimilarity between sampling dates was, therefore, not caused by occasional presence of small and short-lived individuals only. What are then the causes for such great changes of the fauna and what can be learnt from other historical comparisons? Below some historical comparisons from the same regions are reported. They do not go back as far as in the present study, 117 years, but around 50 to 70 years and comparing the 1910's and 1920's with the 1970's and 1980's. All these studies show structural temporal changes, but not as striking as in the present study.
Regional Historical Studies
Before analysing the possible causes for the striking changes between the two studies, I give a brief background to more recent studies and changes in faunal composition that have been reported from the same region. Petersen [5] [6] was the first to introduce a grab for analysing the fauna in a quantitative way. Petersen did surveys in the Kattegat in 1911-1912 and in the Skagerrak in 1914. Twenty-four of Petersen's stations in the Kattegat were revisited in 1984 [7] and 23 stations in the Skagerrak including the Oslofjord [8] . The methods were similar using a 0.1 m 2 Petersen grab and 1 mm sieves. Both these studies showed that the composition of the benthic communities had changed significantly. The cause of the changes was suggested to be a combination of organic enrichment from eutrophication and effects from demersal trawling.
The first quantitative benthic study in Swedish coastal waters was made in the years 1923 to 1926 by Molander [13] in four fjord areas in the Skagerrak. Twenty of these stations were re-visited in 1976 using the same Petersen grab and mesh size as described above [14] . Also this comparison demonstrated great differences between sampling dates. Two reasons were suggested for the differences: natural long-term changes and/or differences in how the samples were processed. If small sized species, which might have been overlooked in the early investigation, were excluded in the comparison, the differences in faunal composition were reduced.
Another early study in the area was made by Gislén [15] , who was the first diver to investigate the qualitative and quantitative algal and faunal composition (epibioses) on rocky bottoms in the Gullmarsfjord in 1926. Gislén, in his publication [15] , also presented a detailed historical contribution to the development of the early scientific investigations in Europe. The most extensive study, however, was made by dredging in the Kattegat and Skagerrak between 1921 and 1938 covering 440 stations [16] . There are no published historical comparisons concerning that investigation.
Causes for the Striking Changes
There are several possible explanations for the striking changes recorded between 1893 and 2010. However, no scientific platform based on historical data can give a comprehensive answer. The ecological processes that affect the composition of the organisms in a particular environment are manifold and interactive. The natural variability is one overriding factor, where differences in reproductive and recruitment success vary between years as a consequence of climate variability and competition between species. Already at the time of Théel's [10] investigations at the end of the 1800's-when the anthropogenic impact was low compared to today-he noted strong temporal variations in abundance of some soft-bottom species, particularly echinoderms. In the present investigation great changes were recorded for taxa associated with the three different habitats investigated. The changes were particularly great on hard bottoms where 38 taxa were lost between the sampling dates and 28 were new arrivals. Several of these taxa are known to be associated with macroalgae and in many cases dependent to the structure of the vegetation.
Johansson et al. [17] studied the depth distribution and species composition along three depth profiles on rocky habitats by diving in the same archipelago as in the present study (Figure 1, site A) . They re-visited the areas in 1997 that were earlier studied in 1960 to 1961. They concluded that the abundance of filamentous algae on the rocks of the islands had increased over that time period, which they attributed to eutrophication. In 1994 to 1996 Pihl et al. [18] documented the distribution of green algal mats (mainly Cladophora and Enteromorpha) by combining aerial photography and ground truth sampling along most of the Swedish Skagerrak coast at 0 to 1 m depth. The algae were found at 60% to 90% of the investigated shallow soft bottom areas and covered 30% to 50% of the total areas investigated with impacts on the epibenthic fauna and fish composition [19] . Thus, these studies of macroalgae show that the algal composition has changed in the region because of eutrophication and created altered habitats for the associated fauna. Changes in shallow water vegetation from perennial algae to filamentous annual algae have negative implications for the foraging success of fish like cod and plaice [20] . These factors combined might be possible drivers for the long-term changes found in the present study, particularly as the greatest changes were found for animals associated to rocks and attached algae.
In another study of benthic fauna on soft bottoms in the Swedish Skagerrak archipelago, Rosenberg and Nilsson [9] showed general negative temporal changes over the last decades at 26 stations. These changes were attributed to negative oxygen conditions in association with detached vegetation, leading to organic enrichment and locally even anoxic conditions. Unlike in that study, no mass occurrence of drift algae was found in the present investigation. Rosenberg and Nilsson [9] showed that the benthic communities in that part of the Skagerrak archipelago were severely affected by anthropogenic disturbance that had worsened by time. As there are no significant local sources of pollution, the effects are suggested to be large-scale eutrophication.
East of the archipelago studied in the present investigation is the Gullmarsfjord (Figure 1) , where oxygen in 1997 occasionally was depleted in the deeper parts (80 to 118 m), and the benthic fauna was reduced and even eliminated in some deep areas. Following re-oxygenation of the near-bottom water the benthic communities were re-established within about two years to pre-hypoxic conditions regarding faunal structure [21] . This faunal successional process demonstrated that the recovery on these benthic communities could be predicted and that the natural variation was insignificant at that time. Thus, in deeper coastal waters, where the climatic variation is comparatively smaller, the variation in faunal numbers and composition are smaller than in shallow waters. Thus, it can be expected, as was indicated in the present study, that the greatest changes occurred near the surface. It is here the greatest seasonal and annual changes in temperature, salinity and wave exposure occur in boreal and temperate waters and, in addition, also riverine discharges of nutrients and other pollutants.
The studied areas were not likely to be affected by low oxygen as they are fairly exposed and neither by direct physical disturbance as demersal trawling is prohibited in the studied areas. The commercial fisheries have some effect on the fish composition, and this can have impact on the predation pressure and selection of the benthic fauna. This is, however not likely to have contributed in any significant way for the drastic changes.
It is difficult to exactly imitate methods used in earlier investigations. In the present investigation the dredge was dropped at the same depth and hauled in a direction reported by Théel [10] . The dredge was small and probably of similar size to that used by Théel. A larger dredge would have been difficult to operate with a rowing boat. Thus, the sampling technique is suggested to be similar without any drastic effect on the comparative result, and the dredge is supposed to have covered similar bottom stretches and areas in both investigations. The animals were picked on the boat deck and the amount of mud and vegetation could have had some influence on the numbers of species found. However, even if only large and firm animals were analysed and compared, the discrepancy in faunal composition between the two studies still remains. This suggests that differences in sorting and picking out the animals are not the solution to the drastic changes, but rather of minor importance.
Conclusion
Drastic changes were recorded in a number of species/taxa between the two sampling dates 1893 and 2010. The number of taxa recorded in 2010 was fewer at all three transects, and only between 8% and 12% of the taxa were the same between sampling dates. The greatest temporal changes were found for taxa associated with shallow hard bottoms, where the compositions of attached and fauna-associated macroalgae are indicated to have changed, most probably because of large-scale eutrophication and seasonal and annual natural variations in climatic factors. Trawling, low oxygen concentrations and differences in sampling techniques are suggested to have minor impact on the result. Spectacular species as the cup-coral Caryophyllia smithii and the lancelet Brachiostoma lanceolatum were recorded at both sampling dates. This shows that at least some species that could be regarded as sensitive to habitat change and disturbance were probably present in the same habitats over more than a century. Overall, the long-term changes observed in the present study coincide with similar trends of changes in faunal composition found in the region. However, the changes in the present study seem to be more drastic, and as there is no direct local anthropogenic disturbance further investigations are needed to evaluate the extent of other ecosystem changes and their consequences for ecosystem functioning.
